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Personal Motivation & Tactics: 
• Generate “new” science  
• Transition into “real” 
products or applications 
• Use combination of 
disciplines  
• electrical engineering + 
materials science 
• Use combination of tools 
• Top-down + bottom up 
manufacturing methods 
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• CNTs have been produced in-house via Chemical Vapor Deposition 
(CVD) since 2003. 
• Catalyzed pyrolytic decomposition of hydro-carbon 
gasses  
• Ethylene (C2H4) 
• Methane (CH4) 
• Acetylene (C2H2) 
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• But even better for making CNTs is the “Black Magic” 
• via DURIP funding from ONR in 2010 
• PECVD + TECVD  
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2 e-beams ea. w. 4 pockets  
+ DC sputterer  
+ RF sputterer 
+ 4 Thermal  Evaps 
SUSS MJB4 Ion Beam Assisted Deposition 
Pegasus DRIE 
(Bosch Process for Si) 
Molecular Beam Epitaxy 
GTRI Proprietary 
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STS ICP III-V 
Hitachi S-4700 




PECVD CNTs from 
Ni Catalyst 
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CNT Arrays with Al2O3 
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CNTs with ZnO ALD 
coating 
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Overview of Programs  
1. PV 
2. Field Emission 
3. Supercapacitors 
4. Piezo 
5. Li-ion  Anodes 
6. Drug Eluting Nanoelectrode arrays 
7. Through Silicon Vias 
8. Terascale Interconnects 




13. Reactive Nano-Particles / Anti-Fouling 
14. Direct-to-Discovery 
15. Aligned Growth on Foils 
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VACNT Growth on 
Metallic Substrates 
•  Conductive substrates needed to 
better utilize CNT properties and 
make efficient electrical and/or 
thermal contact 
•  Use only metallic support layers 
less than 100 nm in thickness 
•  Also no support layers are 
possible for some metals 














(TCVD) >700 °C 
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Field Emission from CNTs 
• Low Work Function (5eV) 
• Low “Turn-on” voltage 
• High Aspect Ratio 
• Non-blunting 
• Field Screening 
 
•T. Utsumi, IEEE Trans. Electron Dev., 1991, 38, 2276. 






Surface Plasmon Resonance 
(Chem-Bio Sensor) 
Gold Foil















•Deposit SiO2 (~10µm) 





•Deposit gate  





































•Etch gate and insulator 
isotropically 
poly-Si 






















•Deposit catalyst metal  
•Fe shown 
•Ni possible with barrier layers 
poly-Si 








      








   
GTRI_B-25 
Lift off & Dice 
poly-Si 
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•Grow CNTs 
poly-Si 






    
 
   
  
   
     
 




       
Doped Si 




























     
 




         




      
•Connect and test @ HPEPL 
•Langmuir Probe 
poly-Si 






    
 
   
  
   
     
 








Measure I, V 
V 
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Busek BHT-200 Modified 
for use with CNT Emitters 
84 Emitter Capacity 
2.1 A at 25 mA/cm2 
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doped Si 
Deposit Ni Deposit Gate Photolithography 
Etch Gate 












doped Si doped Si 
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CNT growth parameter 
for CNTs ≤ 2µm  
CVD growth:  
•N2  and NH3 flowed at 100sccm and 
160scmm 
•Temperature ramp of 300°C/min until  
650°C (top and bottom heat)  
•Annealed at 650°C for 2min 
•Plasma Ignited: 80W, 15kHz, 800V 
•Pressure controller activated: Pchamber 
= 6mbar 
•Annealed under NH3 plasma for 3 min 
while T raised to 750°C at rate of 
200°C/min 
•C2H2 (40sccm) introduced at end of 
plasma anneal 
•Growth time = 6min 
•Plasma extinguished, cooled under N2 
flow until T <400°C.  Opened to 
atmosphere 
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Future Research Directions 
• Improved emission stability 




Si-coated Carbon Nanotubes  
for Li - ion battery anodes 
(with Yushin in MSE) 
•  Silicon has an order of magnitude greater 
capacity compared to graphite anodes 
 
•  But Silicon has very poor cyclability 
(pulverizes with Lithium insertion) 
 










Li e Li Si
x




Vertically aligned carbon 
nanotubes  
 
Act as “rebar” to 
strengthen internal 
structure of Si-battery 
 
Pictures of Si-coated 
Carbon Nanotubes 
Demonstrates conformal 




• Generally stable performance 
and reversible dealloying 
capacity ~2000 mAh/g (over 5x 
more than graphite) has been 
demonstrated after 250 cycles. 
•  VACNTs provide structural 
support for Si as well as 
dramatically improved electrical 
and thermal conductivity 
therefore higher power Si-
containing electrodes are 
possible.  
 Joint Work with Gleb Yushin; GT-MSE 
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Future Research Directions 
• Understand the effect of electrolyte composition on 
stability of electrodes 
• Examine effect of Si coating thickness on stability  




• Functionalized Fabrics 
• Quartz / Basalt / Carbon Fiber Fabrics 
• Superior thermal properties 
• Electrically conductive 
• Tremendous Strength and formability 
• Monolithic / Multifunctional Materials 
• Grow CNTs on fabrics to increase absorption of thermal (IR) and/or 
electrical (RADAR) energy. 
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0°/90° Fiber-Matrix Composite Structure  









0°/90° Fiber-Matrix Composite Structure  









0°/90° Fiber-Matrix Composite Structure  









• Liquid-Based Catalyst  
• Alumina-supported Fe nanopowder 
• Non-uniform coverage 
(nooks/crannies) 
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• Thermal / e-beam evaporated  




• CNTs on  
• C fabrics (T-300 from Cytek) 
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• Thermal Absorption 
 
 
• Microwave Attenuation 
 
 
• Mechanical Toughening 
& Strengthening 








• CNTs on  
• C fabrics 
• ASTM D 5528 
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Functionalized Fabrics 
• CNTs on  
• C fabrics 




























26 31 48 31 36 16n =
CNT No CNT 
Error bars represent the 95% confidence 
interval for the mean of each sample 
(based on the t-statistic) 
GTRI_B-48 
Functionalized Fabrics 
• CNTs on  
• C fabrics 




















n = 12 (ea.) 
Error bars represent the 95% confidence 
interval for the mean of each sample 
(based on the t-statistic) 
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•  Modified fabrics tested according to ASTM F1342-05 Standard Test 
Method for Protective Clothing Material Resistance to Puncture 
•  Results show improved puncture resistance for both fabrics 




Future Research Directions 
• Additional ASTM-tests 
• ASTM-D-6484 – Open Hole Compression 
• ASTM-D-7136 & -7137 – Compression after Impact 
• ASTM-D-2344 – Short Beam Shear Strength 
• ASTM-D-7078 & -5379 – V-notched Rail Shear 
• ASTM-D-6641 & -3410 – Wyoming Combined Loading Compression 
• Thermal Testing 
• EMI Testing 




Light trapping 3D Photovoltaics  
• Light Trapping= more absorbance 
• Thinner layers = less recombination 
• “orthogonalize” absorption and carrier extraction 




• Pattern generated on Si substrate via 
photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 






• Pattern generated on Si substrate via 
photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 
patterned catalyst atop interconnect 
layer 
• CNT towers are formed in Chemical 
Vapor Deposition (CVD) furnace 










Approach • Pattern generated on Si substrate via photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 
patterned catalyst atop interconnect 
layer 
• CNT towers are formed in Chemical 
Vapor Deposition (CVD) furnace 
(~720°C; 20 min.) 
• p-type material (CdTe) applied via 











• Pattern generated on Si substrate via 
photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 
patterned catalyst atop interconnect 
layer 
• CNT towers are formed in Chemical 
Vapor Deposition (CVD) furnace 
(~720°C; 20 min.) 
• p-type material (CdTe) applied via 
Molecular Beam Epitaxy (MBE) 
• n-type material (CdS) applied via 












• Pattern generated on Si substrate via 
photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 
patterned catalyst atop interconnect 
layer 
• CNT towers are formed in Chemical 
Vapor Deposition (CVD) furnace 
(~720°C; 20 min.) 
• p-type material (CdTe) applied via 
Molecular Beam Epitaxy (MBE) 
• n-type material (CdS) applied via 
MBE or CBD 
• Transparent Conductive Oxide 
















• Pattern generated on Si substrate via 
photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 
patterned catalyst atop interconnect 
layer 
• CNT towers are formed in Chemical 
Vapor Deposition (CVD) furnace 
(~720°C; 20 min.) 
• p-type material (CdTe) applied via 
Molecular Beam Epitaxy (MBE) 
• n-type material (CdS) applied via 
MBE 
• Transparent Conductive Oxide 


















• Pattern generated on Si substrate via 
photolithography 
• Metal catalyst (Fe) applied  
• Lift-off photoresist to leave only 
patterned catalyst atop interconnect 
layer 
• CNT towers are formed in Chemical 
Vapor Deposition (CVD) furnace 
(~720°C; 20 min.) 
• p-type material (CdTe) applied via 
Molecular Beam Epitaxy (MBE) 
• n-type material (CdS) applied via 
MBE 
• Transparent Conductive Oxide 





Molecular Beam Epitaxy for  

















































































•  Rsh and Rs values of cell comparable to 
NREL  
 
•  See good curvature of IV curve 
  
•  However, photocurrent gain is not large 
enough to catch curvature in 4th quadrant 
 
•  Other postpocessing methods, such as 
CdCl2 annealing, usually increase Isc in 
CdTe/CdS cells 
 
•  No CdCl2 process has been found to work 
on 3DCNTPV cells yet 
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Summary  
1. Developed a complete theoretical model of the 
3DCNTPV cell and introduced two new 
paramaters, η3D and Γ 
 
2. Developed a simple-cost effective way to texture 
thin film solar cells using a “bottom up” substrate-
configuration approach using VACNTs as a 
textured back contact 
 
3. Created working proof-of-concept devices using the 
3DCNTPV structure 
 
4. Increased device Isc by an order of magnitude and 
Voc by 300% through processing and device 
architecture changes 
 
5. Reduced shunting and induced IV curvature through 
the use of a high resistance transparent layer 
 
6. Confirmed theoretical model with experimental data 





















Normalized Pmp vs ψ for MBEOxAu 80 





• Licensed for commercialization by Bloo Solar 
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• High surface area  
• Percolated network 
• Coat/functionalize CNTs or alter the 




• Active electrode material in contact with 
a current collector 
• Multiple techniques: 
1. CNTs blended into paste with binders and other 
constituents 
2. Grown in situ via CVD on electrode 
3. Vacuum Filtration + Thermal Evap 
• Alter Separator membrane 
• allows transport of ions, but is 
electrically insulating 
• Alter Electrolyte 
• High Voltage Stabilty 
• High Conductivity 
• Low Viscocity 
• Low Cost  
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Research Going Forward 
• Improve Electrolyte 
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ECDL Construction 
3rd Generation – (show video!) 
“CR2032” Coin Cells are capable of insertion 
into ARMY product.   
 
Coin cell crimping ensures hermeticity and 
long life. 




• Apply constant current to 
measure max voltage in cell. Open 
circuit testing indirect measures 
capacitance via remaining charge. 
  
• Impedance Spectroscopy 
• Apply variable frequency current 
and measure impedance of system 
due to resistive and capacitative 
elements in cell. 
 
• Cyclic Voltammetry 
• Apply voltage sweep across 
discrete voltage window and 
measure the current between the 
working and counter electrode. 
Model 1260A Impedance / Gain-Phase Analyzer & 1287 Electrochemical 
Interface 
 
(Government Furnished Equipment by AMRDEC) 
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Future Research Directions 
• Pseudocapacitive Functionalization 
• Active electrodes with anisotropic porosity 
• Aligned growth on foils 




Educating the Next Generation Of 
Engineers & Scientists 
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  Q/A? 
Since 2002:   28 Programs; 50+ students; ~$6M 
 
